Using an updated population synthesis code we study the formation and evolution of black holes (BHs) in young star clusters following a massive starburst. This study continues and improves on the initial work described by Belczynski, Sadowski & Rasio (2004) . In our new calculations we account for the possible ejections of BHs and their progenitors from clusters because of natal kicks imparted by supernovae and recoil following binary disruptions. The results indicate that the properties of both retained BHs in clusters and ejected BHs (forming a field population) depend sensitively on the depth of the cluster potential. In particular, most BHs ejected from binaries are also ejected from clusters with central escape speeds V esc ∼ < 100 km s −1 . Conversely, most BHs remaining in binaries are retained by clusters with V esc ∼ > 50 km s −1 . BHs from single star evolution are also affected significantly: about half of the BHs originating from primordial single stars are ejected from clusters with V esc ∼ < 50 km s −1 . Our results lay a foundation for theoretical studies of the formation of BH X-ray binaries in and around star clusters, including possible "ultra-luminous" sources, as well as merging BH-BH binaries detectable with future gravitational-wave observatories.
INTRODUCTION

Black Holes in Star Clusters
Theoretical arguments and many observations suggest that BHs should form in significant numbers in star clusters. Simple assumptions about the stellar initial mass function (IMF) and stellar evolution indicate that out of N stars formed initially, ∼ 10 −4 − 10 −3 N should produce BHs as remnants after ∼ 20 Myr. Thus any star cluster containing initially more than ∼ 10 4 stars should contain at least some BHs; large super star clusters and globular clusters should have formed many hundreds of BHs initially, and even larger systems such as galactic nuclei may contain many thousands to tens of thousands.
Not surprisingly, observations are most sensitive to (and have provided constraints mainly on) the most massive BHs that may be present in the cores of very dense clusters (van der Marel 2004) . For example, recent observations and dynamical modeling of the globular clusters M15 and G1 indicate the presence of a central BH with a mass ∼ 10 3 − 10 4 M ⊙ (Gerssen et al. 2002 (Gerssen et al. , 2003 Gebhardt et al. , 2005 . However, direct N -body simulations by Baumgardt et al. (2003a,b) suggest that the observations of M15 and G1, and, in general, the properties of all corecollapsed clusters, could be explained equally well by the presence of many compact remnants (heavy white dwarfs, neutron stars, or ∼ 3 − 15 M ⊙ BHs) near the center without a massive BH (cf. van der Marel 2004; Gebhardt et al. 2005) . On the other hand, N -body simulations also suggest that many non-core-collapsed clusters (representing about 80% of globular clusters in the Milky Way) could contain central massive BH (Baumgardt et al. 2004 (Baumgardt et al. , 2005 .
In any case, when the correlation between central BH mass and bulge mass in galaxies (e.g., Häring & Rix 2004) is extrapolated to smaller stellar systems like globular clusters, the inferred BH masses are indeed ∼ 10 3 − 10 4 M ⊙ . These are much larger than a canonical ∼ 10 M ⊙ stellarmass BH (see, however, §3.1.6), but much smaller than the ∼ 10 6 −10 9 M ⊙ of supermassive BHs. Hence, these objects are often called intermediate-mass black holes (IMBHs; see, e.g., Miller & Colbert 2004) .
Further observational evidence for IMBHs in dense star clusters comes from many recent Chandra and XMMNewton observations of "ultra-luminous" X-ray sources (ULXs), which are often (although not always) clearly associated with young star clusters and whose high X-ray luminosities in many cases suggest a compact object mass of at least ∼ 10 2 M ⊙ (Cropper et al. 2004; Ebisuzaki et al. 2001; Kaaret et al. 2001; Miller et al. 2003) . In many cases, however, beamed emission by an accreting stellarmass BH may provide an alternative explanation (King et al. 2001; King 2004; Zezas & Fabbiano 2002) .
One natural path to the formation of a massive object at the center of any young stellar system with a high enough density is through runaway collisions and mergers of massive stars following gravothermal contraction and core collapse (Ebisuzaki et al. 2001; Portegies Zwart & McMillan 2002; Gürkan, Freitag, & Rasio 2004) . These runaways occur when massive stars can drive core collapse before they evolve. Alternatively, if the most massive stars in the cluster are allowed to evolve and produce supernovae, the gravothermal contraction of the cluster will be reversed by the sudden mass loss, and many stellar-mass BHs will be formed.
The final fate of a cluster with a significant component of stellar-mass BHs remains highly uncertain. This is because realistic dynamical simulations for such clusters (containing a large number of BHs and ordinary stars with a realistic mass spectrum) have yet to be performed. For old and relatively small systems (such as small globular clusters), complete evaporation is likely (with essentially all the stellar-mass BHs ejected from the cluster through three-body and four-body interactions in the dense core). This is expected theoretically on the basis of simple qualitative arguments based on Spitzer's "mass-segregation instability" applied to BHs (Kulkarni et al. 1993; Sigurdsson & Hernquist 1993; Watters et al. 2000) and has been demonstrated by dynamical simulations (Portegies Zwart & McMillan 2000; O'Leary et al. 2005) . However, it has been suggested that, if stellar-mass BHs are formed with a relatively broad mass spectrum (a likely outcome for stars of very low metallicity; see Heger et al. 2003) , the most massive BH could resist ejection, even from a cluster with low escape velocity. These more massive BHs could then grow by repeatedly forming binaries (through exchange interactions) with other BHs and merging with their companions (Miller & Hamilton 2002; Gültekin, Miller, & Hamilton 2004) . However, as most interactions will probably result in the ejection of one of the lighter BHs, it is unclear whether any object could grow substantially through this mechanism before running out of companions to merge with. A single stellar-mass BH remaining at the center of a globular cluster is very unlikely to become detectable as an X-ray binary (Kalogera, King, & Rasio 2004) .
In addition to its obvious relevance to X-ray astronomy, the dynamics of BHs in clusters also plays an important role in the theoretical modeling of gravitationalwave (GW) sources and the development of data analysis and detection strategies for these sources. In particular, the growth of a massive BH by repeated mergers of stellar-mass BHs spiraling into an IMBH at the center of a dense star cluster may provide an important source of lowfrequency GWs for LISA, the Laser-Interferometer Space Antenna (Miller 2002; . Similarly, dynamical hardening and ejections of binaries from dense clusters of stellar-mass BHs could lead to greatly enhanced rates of BH-BH mergers detectable by LIGO and other groundbased interferometers (Portegies Zwart & McMillan 2000; O'Leary et al. 2005) .
A crucial starting point for any detailed study of BHs in clusters is an accurate description of the initial BH population. Here, "initial" means on a timescale short compared to the later dynamical evolution timescale. Indeed most N -body simulations of star cluster dynamics never attempt to model the brief, initial phase of rapid massive star evolution leading to BH formation. The goal of our work here is to provide the most up-to-date and detailed description of these initial BH populations. This means that we must compute the evolution of a large number of massive stars, including a large fraction of binaries, all the way to BH formation, i.e., on a timescale ∼ 10 − 100 Myr, taking into account a variety of possible cluster environments.
Previous Work
In a previous study (Belczynski et al. 2004 ; hereafter Paper I) we studied young populations of BHs formed in a massive starburst, without explicitly taking into account that most stars are formed in clusters. For many representative models we computed the numbers of BHs, both single and in various types of binaries, at various ages, as well as the physical properties of different systems (e.g., binary period and BH mass distributions). We also discussed in detail the evolutionary channels responsible for these properties.
In this follow-up study, we consider the possible ejection of these BHs from star clusters with different escape speeds, taking into account the recoil imparted by supernovae (SNe) and binary disruptions. During SNe, mass loss and any asymmetry in the explosion (e.g., in neutrino emission) can impart large extra speeds to newly formed compact objects. If a compact object is formed in a binary system, the binary may either (i) survive the explosion, but its orbital parameters are changed and the system (center-of-mass) speed changes, or (ii) the binary is disrupted and the newly formed compact object and its companion fly apart on separate trajectories. The secondary star in a binary may later undergo a SN explosion as well, provided that it is massive enough. The effects of this second explosion are equally important in determining the final characteristics of compact objects.
In Paper I we included the effects of SNe, both natal kicks and mass loss, on the formation and evolution of BHs (single and in binaries), but we did not keep track of which BHs and binaries would be retained in their parent cluster. Starbursts form most of their stars in dense clusters with a broad range of masses and central potentials (and hence escape speeds; see, e.g., Elmegreen et al. 2002; McCrady et al. 2003; Melo et al. 2005) . Smaller clusters of ∼ 10 4 M ⊙ (open clusters or "young populous clusters," such as the Arches and Quintuplet clusters in our Galactic center) could have escape speeds as low as V esc ∼ < 10 km s −1 while the largest "super star clusters" with much deeper potential wells could have V esc ∼ > 100 km s −1 . On the other hand the natal kick velocities could be relatively high, ∼ 100 − 500 km s −1 for low-mass BHs, so that a large fraction of BHs might leave the cluster early in the evolution.
Here we repeat our study of young BH populations taking into account ejections from star clusters. We perform our calculations with a slightly updated version of our population synthesis code StarTrack ( §2) and we present results for both the retained cluster BH populations and the ejected BHs, which will eventually become part of the field BH population surrounding the surviving clusters. Our models and assumptions are discussed in §2, with particular emphasis on the updates since Paper I. In §3 we present our new results and in §4 we provide a summary and discussion.
MODEL DESCRIPTION AND ASSUMPTIONS
Population Synthesis Code
Our investigation is based on a standard population synthesis method. We use the StarTrack code (Belczynski, Kalogera & Bulik 2002, hereafter BKB02) , which has been revised and improved significantly over the past few years . Our calculations do not include any treatment of dynamical interactions (collisions) between binaries and single stars or other binaries 1 . In particular, the star clusters we consider are assumed to have avoided the 'runaway collision instability" that can drive rapid collisions and mergers of massive mainsequence stars during an early episode of cluster core collapse (Freitag et al. 2006a,b) . Instead, our results can provide highly realistic initial conditions for dynamical simulations of dense star clusters in which the early phase of massive star evolution proceeded 'normally," without significant influence from cluster dynamics.
All stars are evolved based on the metallicity-and windmass-loss-dependent models of Hurley, Pols & Tout (2002) , with a few improvements described in BKB02. The main code parameters we use correspond to the standard model presented in §2 of BKB02 and are also described in Paper I. Each star, either single or a binary component, is placed initially on the zero-age main sequence (ZAMS) and then evolved through a sequence of distinct phases: main sequence (MS), Hertzsprung Gap (HG), red giant branch (RG), core He burning (CHeB), asymptotic giant branch (AGB); if a star gets stripped of its H-rich envelope, either through wind mass loss or Roche lobe overflow (RLOF) it becomes a naked helium star (He). The nuclear evolution leads ultimately to the formation of a compact object. Depending on the pre-collapse mass and initial composition this may be a white dwarf (WD), a neutron star (NS) or a BH.
The population synthesis code allows us to study the evolution of both single and binary stars. Binary star components are evolved as single stars while no interactions are taking place. We model the following processes, which can alter the binary orbit and subsequent evolution of the components: tidal interactions, magnetic braking, gravitational radiation, and angular momentum changes due to mass loss. Binary components may interact through mass transfer and accretion phases. We take into account various modes of mass transfer: wind accretion and RLOF; conservative and non-conservative; stable or dynamically unstable (leading to common-envelope evolution). The mass transfer rates are calculated from the specific binary configurations and physical properties (masses, evolutionary stages, etc.) of the stars involved. Binary components may loose or gain mass, while the binary orbit may either expand or shrink in response. Moreover, we allow for binary mergers driven by orbital decay. In this study, we evolve binary merger products assuming that they restart on the ZAMS. An exception is made when a BH takes part in the merger, in which case we assume the remnant object to be a BH again. The mass of the merger product is assumed equal to the total parent binary mass for unevolved and compact remnant components; however we assume complete envelope mass loss from any evolved star (HG, RG, CHeB, or evolved He star) involved in a merger.
A few additions and updates to StarTrack since Paper I are worth mentioning here (see Belczynski et al. 2006 for more details). System velocities are now tracked for all stars (single and binaries) after SNe (see §2.3). The new magnetic braking law of Ivanova & Taam (2003) has been adopted, although this has minimal impact on our results for BHs. Two new types of WDs have been introduced: hydrogen and "hybrid" (these are possible BH donors in binaries). An improved criterion is adopted for CHeB stars to discriminate between those with convective (M < 7 M ⊙ ) and radiative (M ≥ 7 M ⊙ ) envelopes; this affects the stellar response to mass loss. We have also added a new tidal term for RLOF rate calculations.
Some minor problems in the calculations of Paper I were also identified and are corrected in this study. The evolution of a small fraction of BH RLOF systems with donors at the end of the RG stage was terminated when the donor contracted and detached after entering a CHeB phase. However, the donor may restart RLOF during expansion on the AGB, which is now properly accounted for. Another small fraction of systems, evolving through the rapid RLOF phase with HG donors, were previously classified as mergers and subsequently evolved as single stars (merger products). However, the RLOF at that stage may be dynamically stable and in some cases a binary system may survive and continue its evolution, which is now also properly taken into account. None of these corrections affect the results of Paper I significantly.
Black Hole Formation
Black holes originate from the most massive stars. The formation time is calculated for each star using the stellar models of Hurley et al. (2000) and Woosley (1986) . For intermediate-mass stars the FeNi core collapses and forms a hot proto-NS or a low-mass BH. Part of the envelope falls back onto the central object while the rest is assumed to be ejected in a SN explosion. We use the results of Fryer (1999) and Fryer & Kalogera (2001) to determine how much matter is ejected. In general, for the highest masses (> 30 M ⊙ for low-metallicity models) total fallback is expected, with no accompanying SN explosion.
Motivated by the large observed velocities of radio pulsars we assume significant asymmetries in SN explosions. Here we adopt the kick velocity distribution of Arzoumanian, Cordes & Chernoff (2002) , taking into consideration more recent observations (e.g., White & Van Paradijs 1996; Mirabel & Rodrigues 2003) . NSs receive full kicks drawn from the bimodal distribution of Arzoumanian et al. (2002) . Many BHs form through partial fall back of material initially expelled in a SN explosion, but then accreted back onto the central BH. For these the kick velocity is lowered proportionally to the mass of accreted material (for details see BKB02). For the most massive stars, the BH forms silently through a direct collapse without accompanying SN explosion, and in this case we assume no BH natal kick. The mass loss and kick velocity together determine whether a binary hosting the BH progenitor is disrupted by the SN explosion.
Our calculated initial-to-final mass relation for various metallicities is discussed in detail in Paper I, where it is also demonstrated that (within our BH kick model) for solar metallicity many BHs are formed with lowered kicks through fall back. This occurs for single stars with initial masses in the range 20 − 42M ⊙ and 50 − 70M ⊙ . For metallicity Z = 0.001, BHs receive a kick in the narrower ranges 18 − 25M ⊙ and 39 − 54M ⊙ , while for Z = 0.0001 only BHs formed from stars of 18 − 24M ⊙ receive kicks, with others forming silently.
Spatial Velocities
All stars, single and binaries, are assumed to have zero initial velocities. This means we are neglecting their orbital speeds within the cluster. Indeed, for a variety of reasons (e.g., relaxation toward energy equipartition, formation near the cluster center), massive stars (BH progenitors) are expected to have lower velocity dispersions than the cluster average, itself much lower than the escape speed from the cluster center. We now discuss how to compute the velocities acquired by single stars, binaries, or their disrupted components, following a SN explosion. For disrupted binary components this is, to our knowledge, the first derivation of such results allowing for initially eccentric orbits.
Surviving Binaries. For each massive star, the time of the SN event is set by the single star models (taking into account mass variations due to winds and binary interactions). When either component of a binary reaches this stage, we generate a random location in the orbit for the event to take place (note that for eccentric binaries this choice will affect the outcome, since the instantaneous separation and relative velocities are different at different locations along the orbit). The core collapse event is assumed to be instantaneous and the mass of the remnant is calculated as in Paper I. Note that if the remnant is formed through complete fall-back (leading always to direct BH formation), we do not expect a SN explosion (hence no kick and no mass loss) and the orbit remains unchanged (Fryer 1999) . When a BH is formed through partial fall-back we treat the event as a SN explosion (see Podsiadlowski et al. 2002) .
We calculate the effect of a SN event on binaries in three steps. First, we estimate the mass of the remnant. The rest of the exploding star is immediately lost from the binary (with the specific angular momentum of the exploding component). We assume that the ejecta do not have any effect on the companion. Second, we calculate the compact object velocity, which is the vector sum of the orbital velocity of the pre-collapse star at the random orbital position and the kick velocity. The kick velocity is assumed to be randomly oriented and its magnitude is drawn from our assumed distribution. The kick magnitude is also scaled by the amount of material ejected in the SN explosion,
where V is the kick magnitude drawn from the assumed distribution, f fb is a fall back parameter (for details see Paper I), and w is the kick magnitude we use in our calculations. For NS remnants with no fall-back (f fb = 0), w = V . In our standard model we use a kick magnitude distribution derived by Arzoumanian et al. (2002) : a weighted sum of two Gaussians, one with σ = 90 km s −1 (40%) and the second with σ = 500 km s −1 (60%). In the third step, we calculate the total energy (potential and kinetic) of the new orbit for the remnant (new velocity and mass, same relative position) and its companion. If the total energy is positive, then the system is disrupted, and its components will evolve separately. We calculate their subsequent evolution as single stars, and their trajectories are followed (see below). If the total binary energy is negative, the system remains bound after the SN explosion, and we calculate its new parameters (e and A). We also check whether the two components have merged following the SN mass loss and kick, in which case we the evolution of a merger is followed (see § 2.1). These type of mergers are extremely rare and they do not affect our results. Finally, we calculate the post-SN center of mass velocity of the binary.
Disrupted Binaries. The velocities of the stellar components after a system has been disrupted have been calculated by Tauris & Takens (1998) for the case of a circular pre-SN orbit. In this paper we take a more general approach where the pre-SN orbit can have an arbitrary eccentricity. We begin with the coordinate system (I): the center of mass (CM) coordinate system before the SN explosion. At the time of the SN explosion the velocities of the two stars are
where v is the relative velocity and a superscript I indicates the coordinate system we use. The separation vector between the stars on the orbit at the moment of the SN explosion is r 0 n. The SN explosion introduces a kick w on the newly formed compact star and leads to the ejection of a shell. Thus after the SN explosion star 1 has mass M 1f , and its velocity in the pre-SN CM coordinate system (I) is v
The expanding shell (with velocity v im ) hits the companion. The effects of the impact have been estimated by Wheeler, Lecar and McKee (1975) , but it was shown (Kalogera 1996 ) that they are not large. The velocity of the companion after the expanding shell decouples from the system is v
In most cases v im is small, and we neglect it in our treatment of the orbits. The direction between the stars remains the same, n II = n I . Here we also assume that the shell velocity satisfies v im ≫ r 0 /P where P is the orbital period of the pre-SN system, so that the shell decouples from the binary instantaneously.
We now introduce a second coordinate system (II): the CM system of the two remaining stars after the explosion. This system moves with the velocity
with respect to system (I). The relative velocity of the two stars (the newly formed compact object and the companion) in this system is
after shell decoupling. The angular momentum of the two stars is
where n II = n I It is convenient now to introduce the coordinate system (III) in which the angular momentum is aligned with the z-axis. The transformation between (II) and (III) is a simple rotation, which we denote as R:
In the coordinate system (III) the two stars move on a hyperbolic orbit described by
where
is the reduced mass. Using the conservation of energy we find the value of the final relative velocity in (III):
It follows from the conservation of angular momentum that the relative velocity v III f at infinity is parallel to the separation vector n III f . The motion is confined to the x − y plane in (III), so what remains now is to find the angle between n III and n III f . This can easily be found using equation 9. We first find the initial position of the star on the trajectory ϕ i (see Fig. 1 ),
The sign of the sine of ϕ i depends on whether the stars are initially on the ascending or descending branch of the hyperbola. In the ascending branch the scalar product v
The final position on the orbit is given by
Finally we see from Fig With these results we can calculate the direction between the stars at r = ∞:
III , where T (φ) is the matrix of rotation around the z axis. We now have the result that the relative final velocity in the coordinate system (III) is
We find the velocities of the individual stars in (I) by reversing the path of transformations we followed above,
However, before assuming that these are the final velocities we need to verify that the newly born compact object did not collide with the companion. This may happen if two conditions are satisfied: the stars are initially on the ascending branch of the orbit, and the distance of closest approach r min = p/(1 + ǫ) is smaller than the companion radius.
Single Stars. For single stars (either initially single or originating from disrupted binaries), after a SN explosion we simply calculate the remnant mass, add the natal kick velocity to the spatial speed (non-zero for disrupted binaries but zero for primordial single stars) of the object and follow the remnant until the end of the calculation.
Models
Standard Model
Our standard model (Model A) corresponds to the one in Paper I (also called Model A, with a few minor differences mentioned in §,2.1. Here we just reiterate the basic standard model parameters. We evolve both primordial binaries and single stars. Initial stellar masses for single stars and binary primaries are drawn from a three-component, broken power-law IMF with exponent α 3 = −2.35 for massive stars, and a flat mass ratio distribution is used to generate secondary masses in binaries. The stars are allowed to reach an initial maximum mass M max = 150 M ⊙ (see §,2.4.3 for details). Stars are evolved with metallicity Z = 0.001 and our adopted standard wind mass loss rates (e.g., Hurley et al. 2000) . For the treatment of CE phases we use the standard energy prescription (Webbink 1984) with α × λ = 1.0. We adopt M max,NS = 3 M ⊙ for the maximum NS mass, and any compact object with mass above this is classified as a BH. As described above we use lowered kicks for fall-back BHs and no kicks for direct BHs.
Alternative Models
We also performed a set of calculations for a number of different models in order to test the influence of our most important assumptions and model parameters on BH formation. Each alternative model differs from our standard reference model in the value of one particular parameter or with a change in one particular assumption. All models are described in Table 1 . Note that we added one model not present in Paper I: in Model J, we use an alternative prescription for CE phases based on angular momentum balance with parameter γ = 1.5 (see Belczynski, Bulik & Ruiter 2005 and references therein), as opposed to the standard energy balance used in all other models. It has been claimed that this alternative CE prescription leads to better agreement with the observed properties of WD binaries in the solar neighborhood (Nelemans & Tout 2005) . We wish to test whether this new CE prescription has any effect on our predictions for young BH populations. For some of alternative models (Models B, D, I and J) the evolution of single stars is not affected and we use the single star population from the standard model. However, we calculate the separate single star populations for models in which the single star evolution is changed with a given parameter (Models C1, C2, E, F, G1, G2 and H).
Initial Conditions and Mass Calibration
In addition to a brief description of each model, Table 1 also gives the total initial mass in single and binary stars. All stars are assumed to form in an instantaneous burst of star formation. Single stars and binary components are assumed to form from the hydrogen burning limit (0.08 M ⊙ ) up to the maximum mass M max characterizing a given system. Masses of single stars and binary primaries (more massive components) are drawn from the threecomponent, power-law IMF of Kroupa, Tout, & Gilmore (1993) (see also Kroupa & Weidner 2003) with slope α 1 = −1.3 within the initial mass range 0.08 − 0.5 M ⊙ , α 2 = −2.2 for stars within 0.5 − 1.0 M ⊙ , and α 3 = −2.35 within 1.0 M ⊙ − M max . The binary secondary masses are generated from an assumed flat mass ratio distribution (q = M a /M b ; M a , M b denoting the mass of the primary and secondary, respectively). The mass ratio is drawn from the interval q min to 1, where q min = 0.08 M ⊙ /M a , ensuring that the mass of the secondary does not fall below the hydrogen burning limit. The only exception is model B, in which both the primary and the secondary masses are sampled independently from the assumed IMF (i.e., the component masses are not correlated). This IMF is easily integrated to find the total mass contained in single and binary stars for any adopted α 1 , α 2 , α 3 values. The particular choice of low-mass slope of the IMF (α 1 , α 2 ) does not change our results, since low-mass stars do not contribute to the BH populations. However, as most of the initial stellar mass is contained in low-mass stars, a small change in the IMF slope at the low-mass end can significantly change the mass normalization.
In our simulations, we do not evolve all the single stars and binaries described above since the low-mass stars cannot form BHs. Out of the total population described above we evolve only the single stars with masses higher than 4 M ⊙ and the binaries with primaries more massive than 4 M ⊙ (no constraint is placed on the mass of the secondary, except that it must be above 0.08 M ⊙ ). All models were calculated with 10 6 massive primordial binaries. We also evolved 2 × 10 5 massive single stars but then scaled up our results to represent 10 6 single stars. The mass evolved in single stars and binaries was then calculated and, by extrapolation of the IMF (down to hydrogen burning limit), the total initial cluster mass was determined for each model simulation.
In the discussion of our results we assume an initial (primordial) binary fraction of f bin = 50%, unless stated otherwise (i.e., tables and figures usually assume equal numbers of single stars and binaries initially, with 2/3 of stars in binaries). However, our results can easily be generalized to other primordial binary fractions f bin by simply weighing differently the numbers obtained for single stars and for binaries.
Our assumed distribution of initial binary separations follows Abt (1983) . Specifically, we take a flat distribution in log a, so that the probability density Γ(a) ∝ 1 a . This is applied between a minimum value, such that the primary's initial radius (on the zero-age main sequence) is half the radius of its Roche lobe, and a maximum value of 10 5 R ⊙ . We also adopt a standard thermal eccentricity distribution for initial binaries, Ξ(e) = 2e, in the range e = 0 − 1 (e.g., Heggie 1975; Duquennoy & Mayor 1991) .
Cluster Properties
The only cluster parameter that enters directly in our simulations is the escape speed V esc from the cluster core. All single and binary BHs are assumed immediately ejected from the cluster if they acquire a speed exceeding V esc . We do not take into account ejections from the cluster halo (where the escape speed would be lower) as all BHs and their progenitors are expected to be concentrated near the cluster center.
In Tables 2, 3 , 4, 5 we present results of simulations for our standard model corresponding to four different values of the escape speed: V esc = 10, 50, 100, 300 km s −1 . For any assumed cluster model the escape speed can be related to the total mass M cl and half-mass radius R h :
For example, for a simple Plummer sphere we have f cls = 106 km s −1 , while for King models with dimensionless central potentials W 0 = 3, 5, 7, 9 and 11, the values are f cls = 105.2, 108.5, 119.3, 157.7, and 184.0 km s −1 , respectively. For our four considered values of the escape speed, V esc = 10, 50, 100, and 300 km s −1 , in a W 0 = 3 King model with R h = 1 pc (typical for a variety of star clusters), the corresponding cluster masses are M cl = 0.009, 0.226, 0.904, and 8.132 × 10 6 M ⊙ , respectively. In each table we present the properties of BH populations at five different cluster ages: 8.7, 11.0, 15.8, 41.7 and 103.8 Myr. These correspond to MS turnoff masses of 25, 20, 15, 8 and 5 M ⊙ , respectively. The tables include information on both the BHs retained in the clusters (with velocities < V esc ) and those ejected from clusters.
RESULTS
Standard Reference Model
Black Hole Spatial Velocities
In Figure 2 we show distributions of spatial velocities for all single and binary BHs shortly after the initial starburst (at 8.7 Myr). The distribution shows a rather broad peak around ∼ 30 − 300 km s −1 , but also includes a large fraction (∼ 2/3) of BHs formed with no kick. The peak originates from a mixture of low-velocity binary BHs and highvelocity single BHs. The no-kick single and binary BHs originate from the most massive stars, which have formed BHs silently and without a kick. All the no-kick systems (with zero velocity assumed) were placed on the extreme left side of all distributions in Figure 2 to show their contribution in relation to other non-zero velocity systems (the bin area is chosen so as to represent their actual number, although the placement of the bin along the velocity axis is arbitrary). Binary stars hosting BHs survive only if the natal kicks they received were relatively small, since high-magnitude kicks tend to disrupt the systems. We see (middle panel of In Figure 3 we show the velocity distributions at a later time (103.8 Myr) when essentially all BHs have formed, and no more SNe explosions are expected, so the velocity distribution is no longer evolving (the MS turnoff mass for that time is down to 5 M ⊙ ). The velocities have now shifted to somewhat higher values (with a single peak at ≃ 200 km s −1 for non-zero velocity BHs), while the relative contribution of no-kick systems drops to around 1/3. At this later time the population is more dominated by single BHs. Most of the non-zero velocity single BHs come from binary disruptions (see middle panel of Fig. 3 ) and therefore they have received larger kicks, shifting the overall distribution toward slightly higher velocities. Also, at later times, lower-mass BH progenitors go through SN explosions, and they receive on average larger kicks (since for lower masses there is less fall back).
We note that most of the non-zero-velocity BHs gain speeds of 50 − 200 km s −1 in SNe explosions. Depending on the properties of a given cluster they may be ejected or retained, and will either populate the field or undergo subsequent dynamical evolution in the cluster. We now discuss separately the properties of the retained and ejected BH populations.
Properties of Retained (Cluster) BH Populations
Retained BHs in clusters could be found either in binaries or as single objects. Binary BHs are found with different types of companion stars, while single BHs may have formed through various channels, which we also list in Tables 2 -5. Shortly after the starburst the most frequent BH companions are massive MS stars, but, as the population evolves, these massive MS companions finish their lives and form additional BHs. Double BH-BH systems begin to dominate the binary BH population after about 15 Myr. At later times less massive stars evolve off the MS and start contributing to the sub-population of BHs with evolved companions (CHeB stars being the dominant companion type, with a relatively long lifetime in that phase) or other remnants as companions (WDs and NSs). Once the majority of stars massive enough to make BHs end their lives (around 10 − 15 Myr) we observe a general decrease in the total number of BHs in binaries. The number of BHs in binaries is depleted through the disruptive effects of SNe and binary mergers (e.g., during CE phases). Both processes enhance the single BH population. This single population is dominated by the BHs formed from primordial single stars (assuming f bin = 50%). The formation along this single star channel stops early on when all single massive stars have finished evolution and formed BHs (at ≃ 10 − 15 Myr). In contrast, the contribution of single BHs from binary disruptions and mergers is increasing with time, but eventually it also saturates (at ≃ 50 − 100 Myr), since there are fewer potential BH progenitor binaries as the massive stars die off. In general, the single BHs are much more numerous in young cluster environments than binary BHs. At early times (≃ 10 Myr) they dominate by a factor 2−4, but later the ratio of single to binary BHs increases to almost 10 (after ∼ 100 Myr), as many binaries merge or are disrupted (adding to the single population).
Properties of Ejected (Field) BH Populations
Tables 2 -5 show also the properties of BHs ejected from their parent clusters, assuming different escape speeds. Significant fractions ( ∼ > 0.4) of single and binary BHs are likely to be ejected from any cluster with escape speed V esc ∼ < 100 km s −1 . In general, single BHs are more prone to ejection since they gain larger speeds in SNe explosions (compared to heavier binaries). Early on the number of ejected BHs increases with time as new BHs of lower mass (and hence receiving larger kicks) are being formed. At later times (after ≃ 15 Myr), the number of fast BHs remains basically unchanged. Ejected binaries consist mostly of BH-MS and BH-BH pairs in comparable numbers. Rare BH-NS binaries are ejected more easily than other types since they experience two kicks. Single ejected BHs consist mostly of BHs originating from single stars which have received large kicks and from the components of a disrupted binary (the involved kicks were rather large to allow for disruption).
Dependence on Cluster Escape Velocity and Initial Binary Fraction
In Table 6 we list fractions of retained BHs at 103.8 Myr after the starburst. The results are presented for initial cluster binary fractions of f bin = 0, 50, 100%, and can be linearly interpolated for the desired f bin . For our standard model the results are shown for the four considered escape velocities. For an initial cluster binary fraction f bin = 50% we find that the retained fraction can vary from ∼ 0.4 for low escape velocities (V esc = 10 km s −1 ) to ∼ 0.9 for high velocities (V esc = 300 km s −1 ). For escape velocities typical of globular clusters or super star clusters (V esc ∼ 50 km s −1 ), retained and ejected fractions are about equal. The retained fractions for various types of systems are plotted as a function of V esc in Figure 4 . All curves are normalized to total number of BHs, both single and binaries.
Results are listed in Table 6 for different binary fractions. In particular, these can be used to study the limiting cases of pure binary populations (f bin = 100%) and pure single star populations (f bin = 0%). Note that even an initial population with all massive stars in binaries will form many single BHs through binary disruptions and binary mergers. We also note the decrease of the retained fraction with increasing initial binary fraction. Clusters containing more binaries tend to lose relatively more BHs through binary disruptions in SNe compared to single star populations. Figure 5 presents the period distribution of BH binaries for our standard model (for the characteristic escape velocity V esc = 50 km s −1 ). We show separately populations retained and ejected from a cluster. The distributions for different values of the escape velocity are similar.
Orbital Periods of Black Hole Binaries
In Paper I we obtained a double-peaked period distribution for BHs in field populations: tighter binaries were found around P orb ∼ 10 d while wider systems peaked around P orb ∼ 10 5 d. The shape of this distribution comes from the property that tighter BH progenitor systems experienced at least one RLOF/CE episode leading to orbital decay, while wider systems never interacted and stayed close to their initial periods. The two peaks are clearly separated with a demarcation period P s ∼ 10 3 d. It is easily seen here that slow and fast BH populations add up to the original double-peaked distribution of Paper I. Only the shortest-period and hence most tightly bound systems (P orb < P s ) survive SN explosions and they form a population of fast, short-period BH binaries (see bottom panel of Fig. 5 ). In contrast, systems retained in clusters have again a double-peaked orbital period distribution. The slowest systems have rather large periods (P orb ∼ 10 5 d) and they will likely get disrupted through dynamical interactions in the dense cluster core. The short-period cluster binaries (P orb ∼ 10 − 100 d) are much less numerous, since most of the short-period systems gained high post-SN velocities and contributed to the ejected population. Compared to Paper I we note that the inclusion of ejections further depletes the cluster hard binary BH population. Only about 1/3 of systems are found with periods below P s , half of which are retained within a cluster with V esc = 50 km s −1 . For a cluster with V esc = 100 km s −1 about 80% of the short-period systems are retained.
Black Hole Masses
Black hole mass distributions are presented in Figures 6, 7 for V esc = 50 km s −1 . With few exceptions the models for different escape velocity values are very similar. The retained and ejected populations are shown in separate panels.
The retained populations of BHs shown in the top panel of Figure 6 have a characteristic triple-peaked mass distribution: a first peak at M BH ∼ 6 − 8 M ⊙ , a second one at M BH ∼ 10 − 16 M ⊙ , and third at M BH ∼ 22 − 26 M ⊙ ; beyond this it steeply falls off with increasing mass.
The shape of the distribution is determined by the combination of IMF and initial-to-final mass relation for single BHs (presented and discussed in detail in Paper I): the most massive stars (≥ 50 M ⊙ ) form BHs with masses in the range ∼ 10 − 16 M ⊙ ; stars within an initial mass range 25 − 35 M ⊙ form BHs of mass ∼ 25 M ⊙ ; stars of initially 40 − 50 M ⊙ tend to form 7 M ⊙ BHs. Both single and binary BHs contribute significantly to the second and third peaks. However, only single stars are responsible for a first narrow peak corresponding to a pile up of BHs in the initial-to-final mass relation around 6 − 8 M ⊙ . This characteristic feature is a result of a very sharp transition in single star evolution, from H-rich to naked helium stars, which is caused by wind mass loss and the more effective envelope removal for single stars above a certain initial mass. In binary stars, removal of the envelope can happen not only through stellar winds but also through RLOF, and so it is allowed for the entire mass range and the first peak is washed out.
The ejected populations, shown in the bottom panel of Figure 6 , are dominated by single BHs (due to their high average speeds) with masses ∼ 3 − 30 M ⊙ . The distributions have one sharp peak at M BH ∼ 6 − 8 M ⊙ , corresponding to the first low-mass peak in the distribution for retained populations. The high-mass BHs are very rare in the ejected populations since the kick magnitudes decrease with increasing BH mass (because of significant fall-back or direct BH formation at the high-mass end).
BHs in binary systems reach a maximum mass of about 30 M ⊙ for both cluster and ejected populations. Most single BHs have masses below 30 M ⊙ . However, the tail of the single BH mass distribution extends to ∼ 50 M ⊙ for ejected populations and to about 80 M ⊙ for cluster populations. This is shown in Figure 7 (note a change of vertical scale as compared to Figure 6 ). The highest-mass BHs are always retained in the clusters and they are formed through binary mergers. These mergers are the result of early CE evolution of massive binaries. The most common merger types are MS-MS, HG-MS and BH-HG mergers. During mergers involving HG stars we assume that the envelope of the HG star is lost, while the BH/MS star and the compact core of the HG star merge to form a new, more massive object. The merger product is then evolved and it may eventually form a single BH.
Even with significant mass loss through stellar winds and during the merger process, a small fraction of BHs reach very high masses, up to about 80 M ⊙ . With a less conservative assumption, allowing some fraction of the HG star envelope to be accreted onto the companion in a merger, the maximum BH mass could then reach even higher values ∼ > 100 M ⊙ . In Figure 8 we show the results of a calculation with the merger product's mass always assumed equal to the total binary mass.
Although the amount of mass loss in a merger is rather uncertain, the two models above (with and without mass loss) indicate that binary star evolution could lead to the formation of single ∼ 100 M ⊙ BHs. These most massive BHs form very early in the evolution of a cluster (first ∼ 5 − 10 Myr) since they originate from the most massive and rapidly evolving stars. These BHs are retained in clusters (direct/silent BH formation with no associated natal kick) and they may act as potential seeds for building up intermediate-mass BHs through dynamical interactions during the subsequent cluster evolution (Miller & Hamilton 2002; O'Leary et al. 2005) .
Parameter Study
Black Hole Spatial Velocities
For most alternative models the velocity distributions are similar to those found in the reference model (see Fig. 2  and 3 ). These distributions are generally characterized by the same wide, high-velocity peak (tens to hundreds of km s −1 ) and a rather large population of zero-kick BHs. In particular, for models B, F, G2, J and H, the distributions are almost identical to those of the reference model at all times. For models D, G1, and I the distributions show slight differences. With lowered CE efficiency (model D) it is found that there are fewer fast binary BHs, and most surviving binaries do not gain higher velocities at early times. Basically, many tight binaries that survived SN explosions in the reference model have now merged in a first CE phase, even before the first SN explosion occurred. In model G1, in which we consider only primordial stars up to M max = 50 M ⊙ , the population of massive BHs formed through direct collapse (with no kick) is significantly reduced. This results in a velocity distribution similar to that of the reference model for non-zero velocity systems, but with a much lower number of zero-kick BHs.
The model I distribution is slightly different, especially at early times when most BHs form with no kick, since in this model we consider only the most massive BHs formed mainly through direct collapse.
A few models show more significant differences. Different metallicities lead to changes in BH velocities, especially at early times. For very low metallicity (model C1) almost all BHs are formed with no kick, while for high, solar-like metallicity (model C2) most BHs have non-zero velocities in a wide range (∼ 10 − 1000 km s −1 ). Metallicity strongly affects the wind mass loss rates, which are most important for the evolution of the most massive stars (i.e., at early times). In particular, for low-Z values, the wind mass loss rates are smaller (hence more high-mass pre-SN stars and direct collapses), while for high Z the winds are very effective in removing mass from BH progenitors (hence smaller mass pre-SN stars, and more fall-back BH formation). The most significant difference is found in model E, where we allow for full BH kicks. All BHs are formed with rather high (≥ 100 km s −1 ) velocities. The distribution, shown in Figures 15 and 16 , is double-peaked both for early and late times. The single stars dominate the population, forming the low-(∼ 100 km s −1 ) and high-velocity component (∼ 500 km s −1 ), a direct result of the adopted bimodal natal kick velocity distribution. Binary stars are found at lower velocities (∼ 100 km s −1 ) but they are only a minor contributor to the overall BH population since most of them are now disrupted at the first SN explosion.
Properties of Retained (Cluster) BH Populations
In Table 7 we present the properties of cluster BH populations 11 Myr after the starburst. Results for the various models may be easily compared with our reference model.
Binary BHs for different model assumptions are still in general dominated by BH-MS and BH-BH binaries. These systems appear in comparable numbers in most models. Only for models B and E do we find a smaller contribution of BH-BH binaries (∼ 5% and almost zero for models E and B, respectively). In model B the independent choice of masses produces systems with extreme mass ratios, so that massive primordial binaries with two BH progenitors are very rare. Obviously for model E, in which the two BHs receive full kicks, the BH-BH binary formation is strongly suppressed by binary disruptions. The highest number of binaries containing BHs is found in our model with the lowest tested metallicity (C1). For low metallicities BHs form preferentially with high masses (low wind mass loss rates) through direct collapse with no kick. In contrast model E, assuming full BH kicks, results in the lowest number of BH binaries. Many models (D, G2, H, I, J) result in very similar contents to our reference model. It is worth noting in particular that the CE treatment (either lowered efficiency in model D, or different prescription in model J) does not appear to play a significant role in determining cluster initial binary BH populations.
For all models the single BHs dominate the population even at very early times (as early as 11 Myr). Single BHs originate predominantly from primordial single stars, with smaller contributions from disrupted binaries and binary mergers. The basic general trends seen in our reference model are preserved in other models. Also most models (B, C1, D, G2, H, I, J) form similar numbers of single BHs as our reference model. It is found, as in the binary populations, that the highest number of single BHs is seen in our model with lowest metallicity (C1), while the model with full BH kicks (E) generates the lowest number of single BHs retained in a cluster.
At 103.5 Myr (see Table 8 ), when no more BHs are being formed, single BHs strongly dominate (by about an order of magnitude) over binary BHs. Single BHs still originate mostly from primordial single stars, but there is an increased contribution from binary mergers and disruptions. The binary population remains dominated by BH-BH and BH-MS systems in most models, but with an increased contribution from other evolved systems (BH-WD and BH-NS) compared to earlier times. Note that only in model E does the number of systems other than BH-BH and BH-MS end up dominating the binary population.
Properties of Ejected (Field) BH Populations
In Tables 7 and 8 we also characterize the populations of ejected (field) BHs for various models. Results for both times are comparable for binary BHs, but with significantly more single BHs being ejected at later times.
The BH-MS and BH-BH binaries, which dominate the total populations, are also found to be most effectively ejected from clusters. However, BH-NS systems, receiving two natal kicks, are also found to be easily ejected. Indeed, in many models (C1, C2, E, F, G1, G2, H, J), they constitute a significant fraction of ejected systems. Contrary to our intuitive expectation, evolution with the full BH kicks (model E) does not generate a particularly large population of fast BH binaries. In fact, the ejected population is smaller than in the reference model. Higher kicks are much more effective in binary disruption than in binary ejection.
The numbers of fast single BHs are comparable in most models (A, B, D, G1, G2, H, J), with the ejected populations usually consisting equally of BHs coming from binary disruptions and primordial single stars, with a smaller contribution from merger BHs. For models with massive BHs (C1 and I) which receive small kicks there are fewer single BHs in the ejected population (by a factor ∼ 2). On the other hand, for the model with full BH kicks (E), the ejected single BH population is larger (by a factor of ∼ 3) compared to the reference model.
Dependence on Cluster Escape Velocity and Initial Binary Fraction
Retained fractions for different evolutionary models follow in general the same trends as in our reference model, i.e., retained fractions decrease with increasing initial binary fraction. The exception to that trend is for models with full BH kicks (E), increased metallicity (C2) or uncorrelated binary component masses (B). Also, independent of the escape velocity, it is found that at least ∼ 40% of BHs are retained simply because of no-kick BHs (for an initial binary fraction of 50%), with the obvious exception of the model with full BH kicks (E). In particular, for models C1, D, F, G1, G2, H, I, and J, the dependence of the retained fraction on V esc is very similar to that seen in the reference model (see Fig. 4) .
In model B, th secondary mass is on average very small compared to the BH mass (due to our choice of initial conditions for this model). Therefore, BHs in binary systems gain similar velocities (almost unaffected by their companions) as single BHs, and this leads to almost constant fraction of retained systems (∼ 0.64) independent of the initial binarity of the cluster. In models C2 and E the fraction of retained systems may be as small as 0.4 and 0, respectively. In our model with high metallicity (C2), as discussed above ( § 3.2.1), high wind mass loss rates lead to higher BH kicks and hence smaller retained fractions. The most dramatic change is observed for model E, with full BH kicks. The retained fractions for this model are shown in Figure 17 . Here, we also normalize all curves to the total number of BHs (single and in binaries). The retained fraction increases from 0 to ∼ 0.9, approximately proportional to the escape velocity, with no apparent flattening up to V esc ∼ 1000 km s −1 as a result of the high speeds BHs receive at formation. The total retained fraction does not reach unity, since there is still a small number of BHs with velocities over 1000 km s −1 . Larger BH kicks (switching from standard lowered kicks to full kicks) decrease the retained fraction from 0.6 to 0.2 for V esc ≃ 50 km s −1 and f bin 50%.
A summary of retained and ejected fractions for different initial cluster binary fractions is presented in Table 6 for V esc = 50 km s −1 . In particular, we show results for pure single star populations (f bin = 0%) and for all binaries (f bin = 100%). Note that single star populations will obviously form only single BHs, while the binarydominated clusters will form both BH binaries and single BHs (through disruptions and mergers)
2 . For the standard f bin = 50% it is found that the retained fraction of BHs varies from 0.4 -0.7 across almost all models. The only exception is model E with full BH kicks for which the retained fraction is only 0.2. For more realistic and higher initial cluster binary fractions (f bin = 75 − 100%; see Ivanova et al. 2005 ) the retained BH fraction is found in an even narrower range 0.4 -0.6 (again with the exception of model E). Therefore, despite the number of model uncertainties, the initial BH cluster populations, as far as the numbers are concerned, are well constrained theoretically. The issue of BH kicks is not resolved yet, but both observational work (e.g., Mirabel & Rodrigues 2003) and theoretical studies (e.g., Willems et al. 2005 ) are in progress.
Orbital Periods of Black Hole Binaries
In Figures 9 and 10 we show the dependence of the period distributions of BH binaries on model assumptions. In general, the period distribution remains bimodal in most of the models (B, C1, C2, D, F, G1, G2, H) for retained BH binaries, while only short-period binaries tend to be ejected from clusters, as explained in § 3.1.5. Most of the retained binaries are formed with rather large orbital periods (with the exception of model E, see below) and they will be prone to dynamical disruption in dense cluster environments.
The major deviations from the reference model are found for model E, with full BH kicks. The retained population is rather small as compared to the other models and consists mostly of short-period binaries, since all of the wide BH systems were disrupted by SN natal kicks. The majority of short-period binaries which survived gained significant velocities (≥ 50 km s −1 ; see Fig. 16 ) and the ejected population is the most numerous in this model.
In several other models we find smaller variations from the reference period distribution. Models with different CE efficiency and treatment (D and J), in which most close binaries merge, have very small numbers of shortperiod binaries. Also, the model in which we consider only the most massive BHs (descendants of wide primordial binaries) is characterized by a smaller short-period binary population.
Black Hole Masses
In Figures 11 and 12 we present the BH mass distributions from all the models in our study, for both single and binary BH populations.
The shape of the distribution for the retained and ejected BH populations is not greatly affected by different choices of parameter values, with the exception of metallicity and BH kicks (see Fig. 11 ). This is easily understood, as the highest-mass BHs are formed only at low metallicity (Models C1 and A) and the lightest BHs are formed at high metallicity (Model C2). For full BH kicks (model E) the majority of BHs gain high speeds, and the mass distribution for the ejected population is similar to the combination of ejected and retained populations in the reference model.
Most of the BHs do not exceed ∼ 25 M ⊙ . However, a small fraction of single BHs in many models reach very high masses around 80 M ⊙ . Figures 13 and 14 show the mass distributions of single BH subpopulations. In all the models with high-mass BHs the most massive BHs are formed through binary mergers. In all the calculations presented here we have assumed mass loss during the merger process if an evolved star was involved (as discussed in § 3.1.6). The highest maximum BH masses are found in the lowest metallicity environments (models A and C1), in larger systems (with high M max , model G2), and for binaries formed with full BH kicks (model E), quite independent of other evolutionary parameters. We find ∼ 10 − 100 BHs with masses over 60 M ⊙ in models C1, C2, E, G2 and J (and fewer in other models), for a total starburst mass of ∼ 10 8 M ⊙ (see Table 1 ). The highest mass BHs are retained in clusters with the exception of the model incorporating full BH kicks, in which they are found both with high and low speeds. Only in a few models, with uncorrelated initial binary component masses (B), low CE efficiency (D), or low M max (G1), does the maximum BH mass stay below ∼ 60 M ⊙ . And in particular, in the model B, the maximum BH mass stay below ∼ 30 M ⊙ . This is due to the fact, that in this model BHs are accompanied by relatively low mass companions and therefore there is no mass reservoir to increase substantially initial (formation) BH mass.
SUMMARY AND DISCUSSION
Using the population synthesis code StarTrack we have studied the formation of single and binary BHs in young star clusters. Our study continues and improves on the initial work described in Paper I by taking explicitly into account the likely ejections of BHs and their progenitors from 2 The number of single BHs formed out of binary systems may be inferred by comparing the numbers of binary BHs with the single BHs listed under "binary disruption" and "binary mergers" in Tables 2-5, 7 and 8 star clusters because of natal kicks imparted by SNe or recoil following binary disruptions. The results indicate that the properties of both retained BHs in clusters and ejected BHs (forming a field population) depend sensitively on the depth of the cluster potential. For example we find that most BHs ejected from binaries are also ejected from clusters with central escape speeds V esc ∼ < 100 km s −1 , while most BHs remaining in binaries are retained by clusters with V esc ∼ > 50 km s −1 . Also, approximately half of the single BHs originating from the primordial single star population are ejected from clusters with V esc ∼ < 50 km s −1 . The overall BH retention fraction increases gradually from ∼ 0.4 to 0.7 as the cluster escape speed increases from ∼ 10 to 100 km s −1 (Fig. 4) . Tables 2-5 give the numbers of BHs in different kinds of systems, both retained in and ejected from clusters with different escape speeds. Their main properties are illustrated in Figures 5-8 . Single BH masses can become as large as ∼ 100 M ⊙ (as a consequence of massive binary mergers, especially if mass loss during mergers is small). These "intermediate-mass" BHs are almost always retained in clusters. If they were to acquire a new binary companion through dynamical interactions in the dense cluster environment, they could become ULXs. However, it was recently demonstrated that although massive BHs easily acquire binary companions, it is rather unlikely to find such a binary at high ultraluminous X-ray luminosity (Blecha et al. 2006) .
BH-BH binaries (rather than double NSs), are probably the most promising GW sources for detection by groundbased interferometers (Lipunov, Postnov, & Prokhorov 1997; Bulik & Belczynski 2003) . Merging BH-BH systems therefore are important sources for present projects to detect astrophysical GW sources (e.g., GEO, LIGO, VIRGO). The properties of BH-BH binaries in much larger stellar systems with continuous star formation (e.g., disk galaxies) were studied extensively by Bulik & Belczynski (2003; Bulik, Belczynski & Rudak 2004a; Bulik, Gondek-Rosinska & Belczynski 2004b) . We find that the properties of BH-BH binaries in starbursts are not too different from those found in previous studies. Most BH-BH systems are characterized by rather equal masses, with a mass ratio distribution peaking at q ≃ 0.8 − 1.0 (cf. the Pop II models of Bulik et al. 2004b) . For most models only a small fraction (a few per cent; e.g., 5% for Model A) of the BH-BH systems are tight enough to merge within a Hubble time and produce observable GW signals. For models which tend to produce tighter BH-BH binaries (D and E), the fraction can be significantly higher (∼ 10-40 %). However, in Model E there are almost no BH-BH binaries, and the higher fraction of coalescing systems does not mean a higher BH-BH merger rate. Models C1 and D are the most efficient in producing merging BH-BH binaries: 2035 and 1370, respectively (for a total starburst mass of ∼ 10 8 M ⊙ ; a Retained populations contain all BHs with V bh < V esc while ejected populations include BHs with V bh ≥ V esc b Black holes in binary systems are listed according to their companion types: MS-main sequence, HGHertzsprung Gap, RG-reg giant, CHeB-core He burning, AGB-asymptotic giant branch, He-helium star, WD-white dwarf, NS-neutron star, BH-black hole. Single black holes formed from components of disrupted binaries are listed under "Single: binary disruption." Single black holes formed from binary merger products are under "Single: binary merger." Single black holes that are remnants of single stars are listed under "Single progenitor." 
